Activating O 2 [1] [2] [3] [4] is central to transforming energy storage by providing high gravimetric energy in devices such as rechargeable Li-O 2 [5, 6] and Na-O 2 batteries [7] and reversible fuel cells. [8] Non-aqueous Li-O 2 batteries operate by reducing molecular O 2 in the presence of Li + to form Li 2 O 2 at the positive electrode on discharge and releasing O 2 by oxidizing Li 2 O 2 on charge. There are, however, significant challenges to practical implementation, including poor voltage efficiency, cycle life, and power capability. These are due primarily to the lack of fundamental understanding of O 2 reduction and evolution reaction kinetics and parasitic reactions in Li-O 2 batteries. The kinetics of O 2 reduction in the presence of strongly coordinating Li + are sluggish (Supporting Information, Figure S1), and its elementary steps are not well understood. O 2 reduction proceeds first by the formation of superoxide (O 2 À ) [9, 10] and then lithium superoxide (Li
. [11] [12] [13] [14] [14, 15] A number of studies have attributed the formation of large Li 2 O 2 particles and high discharge capacities observed at low rates (< 10 mA cm À2 in ethers [16, 17] ), to high availability of soluble Li + -O 2 À . Abraham and co-workers [13, 14, 18] have suggested that the stability of Li + -O 2 À increases with solvent donor number (DN), which is a measure of the solvation enthalpy of the Lewis acid SbCl 5 in a given solvent . [19] This concept is supported by recent work, [12] which reports that increasing solvent DN leads to increased [20] while the Li + /Li potential decreases with increasing Li + solvation (Figure 1 b) . These trends are consistent with reports that the reversible potential of O 2 /TBA
increases with solvent acceptor number (AN), [21] (a measure of solvent Lewis basicity [22] ), while that of Li + /Li decreases with greater solvent DN. [23] Figure 1 b and previous work. [20, 21] Figure 2 a shows cyclic voltammograms (CVs) obtained in O 2 -saturated dimethylsulfoxide (DMSO), 1,2-dimethoxyethane (DME), acetonitrile (MeCN), and dimethyl acetamide (DMA)-based electrolytes, which contained TBA + and Me 10 Fc. Similar measurements were performed in dimethyl formamide (DMF; Supporting Information, Figure S2 ). These media were chosen because they are kinetically stable against superoxide [20, 26, 27] and have been proposed as candidate electrolyte solvents for Li-O 2 batteries. [28] [29] [30] . [21] The correlations established using these solvent-independent references are much improved in comparison to the trend obtained using the solvent-dependent Ag/Ag + reference reported by Sawyer et al. [20] (Supporting Information, Fig Table S1 ). Reported higher Li-O 2 discharge potentials in DMSO than in ether-based solvents such as tetraglyme (200 mV) [32] and DME (ca. 250 mV) [33] can be attributed largely to lower Li + /Li redox in DMSO by 300 mV than DME (Figure 2 b) MeCN and DMA ( Figure 3 ) using a mixed cluster-continuum model. These solvation free energies O 2 À and Li + were referenced to the ion free energy in the gas phase and computed according to Figure 3 a. The most stable ion-solvent clusters for O 2 À in DMSO and DME are shown in Figure 3 b as examples, from which single-ion solvation free energies were obtained (Supporting Information, Table S2 ). The computed solvation free energy, DG* solv (O 2 À ), was found to increase with greater AN (R 2 = 0.81), from À259 kJ mol À1 in DME to À315 kJ mol À1 in DMSO, as shown in the Supporting Information, Table S2 . The absolute O 2 reduction potential (O 2 /O 2 À ) was computed with respect to electron energy in a vacuum, using:
where Figure S6 ). The absolute potential of Li + /Li decreased linearly with lower DG * solv (Li + ), which was computed using:
with
and DG o! * being solvent-independent variables related to gas-phase ionization (including the Li sublimation energy) and standard state correction, respectively.
Remarkably, computed solvent-dependent changes in the Li + /Li redox potential referenced to MeCN showed an excellent agreement compared with measured differences, as shown in Figure 3 c. The most stable Li + -solvent clusters with cluster size n = 4 for DMSO and 3 for DME are shown in Figure 3 b, from which single ion solvation free energies were obtained (Supporting Information, Table S3 [34] and 2.37 [14] V in DMSO, compared to about 2.0 V for DME, MeCN, [14] and ionic liquids. [35] Solvent-dependent O 2 /Li + -O 2 À redox potentials in Li + -containing DMSO, DME, DMA, and DMF were estimated using chronoamperometric rotating ringdisk electrode (RRDE) measurements. The disk was held at a potential to reduce O 2 under rotation at 900 rpm while the ring was held at discrete potentials to oxidize soluble intermediate species that diffused from the disk (Supporting Information, Figure S7 ). Ring current transients measured from 3.50 to 2.76 V vs. Li Figure S8 ). Ring currents were found to decrease with reducing potentials from 3.7 V to 2.7 V vs. Li + /Li for all solvents examined, which can be attributed to the ring potential approaching the equilibrium potential for soluble intermediate oxidation. We hypothesize that soluble ORR intermediates oxidized on the ring are Li
À -like species. This is supported by previous in situ electrochemical quartz microbalance [36] (EQCM) analysis and surface-enhanced Raman scattering (SERS) [11, 12] studies. Of significance to note is that the appearance of a peak at 1137 cm À1 in the SERS [11, 12] Figure S9 e), in agreement with previous RRDE studies. [12, 33, 38] Standard potentials were obtained by correcting extrapolated values in Figure 4 d À solubility and DN [12] (Supporting Information, Figure S12 b would not scale with DN as well, as Na + and K + are weaker Lewis acids than Li + and will be solvated less strongly. This is supported by a recent computational study of de-solvation energies of Li + and Na + in 27 organic solvents, [42] which found that Na + de-solvation energies were on average 20 % less than Li + , implying weaker Na + solvation in non-aqueous solvents. Similarly, computed gas-phase binding energies of Na + and K + to tetrahydrofuran have been reported to be much less than that for Li + , [43] [44] or trigger solution-phase growth of Li 2 O 2 , [12, 16] resulting in high discharge capacities by increased pore filling with large, solid Li 2 O 2 agglomerates. [17, 45, 46] However, solvents with high Li
À solubilities such as DMSO can be more subject to superoxide attack and decrease solvent stability in Li-O 2 batteries. [47] [48] [49] This argument is supported by increasing computed DG* solv (O 2 À ) with decreasing computed pK a of solvents (in DMSO; Supporting Information, Table S2 ), and previous findings which established a correlation between solvent AN and DN, and pK a , where solvents with higher Li
À solubility were more susceptible to proton abstraction by O 2 À . [50] As Li + solvation structures can vary greatly among similar solvents (for example, glymes), [51, 52] and across different classes of solvents such as ionic liquids, [53] À potentials. These results highlight the importance of the interplay between ion-solvent and ion-ion interactions in understanding and controlling the intermediate species energetics, reaction product morphology, discharge capacity, and solvent stability in aprotic metal-O 2 batteries. supported by the National Science Foundation under NSF award no. ECS-0335765. CNS is part of Harvard University.
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